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Abstract: Lower limb explosive strength has been widely used to evaluate physical fitness and general
health in children. A plethora of studies have scoped the practicality of the standing broad jump
(SBJ), though without accounting for body dimensions, which are tremendously affected by growth.
This study aimed at modeling SBJ-specific allometric equations, underlying an objectively predictive
approach while controlling for maturity offset (MO). A total of 7317 children (8–11 years) were tested
for their SBJs; demographics and anthropometrics data were also collected. The multiplicative model
with allometric body size components, MO, and categorial differences were implemented with SBJ
performance. The log-multiplicative model suggested that the optimal body shape associated with
SBJs is ectomorphic (H = −0.435; M = 1.152). Likewise, age, sex, and age–sex interactions were
revealed to be significant (p < 0.001). Our results confirmed the efficacy of the allometric approach
to identify the most appropriate body size and shape in children. Males, as they mature, did not
significantly augment their performances, whereas females did, outperforming their peers. The model
successfully fit the equation for SBJ performance, adjusted for age, sex, and MO. Predictive equations
modeled on developmental factors are needed to interpret appropriately the performances that are
used to evaluate physical fitness.
Keywords: allometry; standing broad jump; children; growth; maturity offset
1. Introduction
The relevance of muscular strength and power is well recognized in human performance [1,2] and
contributes to bone health across different age groups [3]. Several reviews highlighted health outcomes
associated with muscular strength and showed that poor muscular strength in children and adolescents
is associated with cardiovascular disease, metabolic profiles, skeletal health, and adiposity [4,5].
Other studies have shown that high muscular strength in youths is associated with better lipid
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metabolic profiles, independent of cardiorespiratory fitness [3]. Ideally, muscular power (or explosive
strength, as it is known in practical context) should be measured in lab settings [6], yielding valid values
of muscular outcomes. Nevertheless, sometimes this may lack feasibility, and therefore field tests like
the standing broad jump (SBJ) are preferable, since they are recognized as acceptable alternatives to lab
assessments [7]. In addition, musculoskeletal fitness evaluation may enrich individual feedback to
students and athletes, providing comparisons to international references on performance and health.
For this reason, several youth fitness batteries [7–9] incorporated SBJ testing into their evaluation
panel. Normative values for children and adolescents were created from these validation studies,
proposing 50th percentiles as a proper medium level of performance that one could refer to. However,
this procedure seems to have some limitations. For example, in Tomkinson et al. [10], the SBJ showed
a mean improvement of 9 cm between 9–10 and 10–11 years (both males and females), while no
information was obtained about changes in body mass and height, which differ according to age group
and sex.
This stratification is useful for primarily surveillance purposes [11], but not for accurately
monitoring training or developmental aspects. Moreover, childhood is a crucial period for detecting
sensitive increases in performance (+10–15% per year) [12,13]. In children 7–8 years of age, SBJ
performance is strictly dependent on body mass and height [14]. Although Body Mass Index (BMI) is
the parameter summarizing the two variables, it does not represent a proper predictor of authentic
performance [15,16]. Indeed, growth does not reflect parallel increases in this developmental pattern;
while height increases by 3–4% per year, body mass increases by 8–10% [17]. Furthermore, a commonly
used ratio scaling—the power-to-body mass ratio—may be a misleading index [18]. An alternative
could be represented by the stratification of performance according to social condition [19] or BMI
categories [16]. However, as mentioned earlier, this could result in a partial analysis. To convey these
conceptual bottlenecks to a convincing ground of discussion, it is necessary to scale for maturity
differences and determine the role of body size on performance [20], which is the allometric model.
The objective of scaling is to normalize the performance for anthropometric characteristics [21]. In this
framework, it is crucial to consider an adjunct polynomial model to analyze data and appropriately
interpret them, discerning the contribution of developmental growth and maturation, among other
factors, considering the exponential trend of human growth [22,23]. In the performance evaluation,
another critical assessment item during the child growing phase could be the maturity offset (MO)
at the peak of maturity. To this end, the peak high velocity (PHV) is capable of capturing a peculiar
significance of speed and power results throughout growth, as well as the MO in strength (explosive
strength) [16] or endurance outcomes [15]. In particular, the strength outcome depends on the
developmental stage of the physiological determinants, whereas the peak of strength corresponds
to the PHV [24]. Indeed, absolute values of specific strength actions, such as jumping or changing
directions, are differently positioned in peak performance velocity curves as to PHV [25]. As such,
controlling maturity is of paramount importance [26].
This study aims to model strength test-specific allometric equations, considering multiple
individual factors such as height, body mass, sex, and age. Predictive equations will enforce a robust
reliable indication of fitness per the structure and maturation levels of children (8–11 years old).
2. Materials and Methods
2.1. Experimental Approach to the Problem
During childhood, manifold factors could ameliorate performance, especially age and sex,
according to the MO. In particular, the strength outcome depends on the developmental stage of
the physiological determinants, whereas the peak of strength corresponds to PHV, where absolute
values of specific strength actions are differently positioned in the peak performance velocity curves as
compared with PHV. In this study, we decided to investigate the muscular power related to actual
children’s maturity, taking into account multiple individual proxies such as height, body mass, sex,
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and age. Children performed an SBJ as per the field test guidelines. The biological maturation (MO)
was estimated using the somatic maturation method proposed by Werneck et al. [27]. Then, the age of
PHV was determined by subtracting the MO from the chronological age. Participants were classified
as late, early, or on time through the one-SD method derived from the current sample.
2.2. Subjects
This cross-sectional study involved 7317 children (3627 girls) aged 8–11 years, recruited from
119 Northeast Italian primary schools (third, fourth, and fifth grade). Children with known chronic
cardiac, respiratory, neurological, or musculoskeletal disorders were excluded. All the described
measures were taken during physical education classes as scheduled in the morning activities
(8:00–12:00 a.m.). The study protocol, including each feature of the experimental design, was approved
by the ethical boards of the enrolled schools in accordance with the World Medical Association
Declaration of Helsinki, as revised in 1983. All participants were free to withdraw their participation at
any time. Written informed consent was obtained from the parents or legal guardians, while verbal
assent was obtained from the children prior to participation.
2.3. Procedures
Data collection included demographic and anthropometric information (sex, age, mass, and height)
measured before the test sessions using standardized techniques (Table 1). Height was measured using
a portable stadiometer with a precision of ± 1 mm (Stadiometer Seca 213, Intermed S.r.l. Milan, Italy)
with children in an upright position, with bare feet placed slightly apart, arms extended, and head
positioned in the Frankfort plane. Body mass was assessed using a beam scale with a precision of
±100 g (Seca 813, Intermed S.r.l. Milan, Italy), with children in light clothing, without shoes, and stood
upright at the center of the platform of the mass scale. We calculated the age of the children from the
birth date and subsequently rounded down values.
Table 1. Demographic and anthropometric information by sex. Numerosity following age: 8–9 y
(1175 males, 1074 females), 9–10 y (1240 males, 1200 females), and 10–11 y (1275 males, 1353 females).
All values are showed as mean ± DS.
Subjects Numerosity Age (y) Height (cm) Mass (kg)
Total 7317 9.4 ± 1 136.5 ± 8.5 33.8 ± 8.4
Males 3690 9.4 ± 1 136.4 ± 8.1 34.0 ± 8.2
Females 3627 9.4 ± 1 136.6 ± 8.9 33.7 ± 8.5
The explosive strength of the children was measured by the SBJ test (systematic error nearly to 0) [5],
a practical, time-efficient, and low-cost field test widely adopted in school or gym contexts [7,11,16,28].
Every child jumped for distance from a standstill. During the performance of the jumps, the children
were asked to bend their knees with their arms in front of them, parallel to the ground, then swing
both arms, push off vigorously, and jump as far as possible. The test was performed three times, scored
in centimeters, and the best value was recorded. The score was obtained by measuring the distance
between the last heel mark and the take off line [29].
All tests were conducted by a team of three students of the sport science degree course during
scheduled physical education classes in the morning. Previous training and calibration of the operators
were performed to ensure the accuracy and repeatability of the procedure. The presence and
collaboration of the curricular teachers were guaranteed at any time to meet the confidence of
the students [30].
2.4. Statistical Analysis
The biological maturation (MO) was estimated through the somatic maturation method proposed
by Werneck et al. [27].
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This method estimates the MO from stature and chronological age using an algorithm, providing
the result offset in years to peak height velocity (PHV). In particular, this easy approach was adopted
because, briefly, involving only one anthropometric measure reduces operator-dependent errors,
especially because it meets the full compliance of children and parents and avoids other maturity
scales (i.e., Tanner; Marshall & Tanner 1969, 1970). In brief, the MO was determined using a specific
formula for girls and boys:
Maturity offset for girls (years) = −7.709133 + (0.0042232 × (age × height))
Maturity offset for boys (years) = −7.999994 + (0.0036124 × (age × height))
Then, the age of PHV was determined by subtracting the maturity offset from the chronological
age. Participants were classified as late, early, or on time through the one-SD method derived from the
current sample.
The multiplicative model with allometric body size components of Body Mass (M) and Height
(H) was used to identify the most appropriate body size and shape characteristics (Equation (1))
associated with, as well as detect any maturity (using MO) and categorical differences (e.g., sex, age)
in, the physical performance variable (SBJ). The model is an extension of the one used to predict the
physical performance variables of Greek children [23]:
Y = a·Mk1·Hk2·exp(c·MO)·ε (1)
where k1 and k2 are the ontogenetic allometric coefficients; a, b, and c are allowed to vary randomly
from child to child; and Log (ε), is assumed to have a constant error variance. The constant a is also
allowed to vary for different populations, in this case the fixed factor: sex.
The model has the advantage of having proportional body size components and a multiplicative
error that assumes they will increase proportionally with the physical performance variable Y
(e.g., see Figure 1a,b).
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Figure 1. (a) The association between SBJ and height in 8–11-year-old male children, and (b) the
association between SBJ and height in 8–11-year-old female children.
The model (Equation (1)) can be linearized with a log transformation (Equation (2)). A linear
regression analysis or analysis of covariance (ANCOVA) on log(Y) can then be used to estimate the
unknown parameters of the log-transformed model:
Log(Y) = log(a) + k1·log(M) + k2·log(H) + c·MO + log(ε) (2)
Further categorical differences within the population (e.g., sex and age) can be explored by
allowing the constant intercept parameter log(a) to vary for each group by introducing them as fixed
factors (plus possible interactions) within an ANCOVA. The significance level was set at p < 0.05.
3. Results
The explosive strength expressed by the SBJ revealed a mean value (SD) of 128.29 cm (22.76)
and 121.17 cm (21.49), while the MO was, on average, 3.36 y (0.72) and 6.35 y (0.44) for boys and
girls, respectively. A significant difference between sex was found (p < 0.001). Figure 2 shows the
results between sexes (with the covariates factored in), suggesting that females outperformed males
in the SBJ; females had greater performances than males by up to 20 cm (on average). Furthermore,
the parameter Log a that results from interaction between height, mass, MO, sex, and age was 0.973,
0.985, 0.982, and 0.995 for males and 1.199, 1.211, 1.208, and 1.211 for females, respectively, for 8, 9, 10,
and 11-year-olds.
The estimated parameters from the multiplicative model relating the SBJ distance to the body size
components in Equation (1), incorporating the MO, are given in Table 2.
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Table 2. Parameters of Equation (1) about SBJ performance. The parameter Log a for males is
0.973, 0.985, 0.982, and 0.995, and 1.199, 1.211, 1.208, and 1.211 for females, respectively, for 8, 9, 10,
and 11-year-olds. Note that the baseline group is the 11-year-old boys from which all other sex and age
groups are compared.
Parameter B Std. Error t Sig. 95% Confidence Interval
Lower Bound Upper Bound
Intercept Log(a) 0.995 0.327 3.043 0.002 0.354 1636
Log(M) (k1) 1.152 0.064 18.092 0.000 1027 1276
Log(H) (k2) −0.435 0.015 −28.935 0.000 −0.465 −0.406
MO (c) 0.084 0.012 7.155 0.000 0.061 0.107
Sex (Female) 0.226 0.043 5.311 0.000 0.143 0.310
Age (8.00 y) −0.022 0.019 −1.205 0.228 −0.059 0.014
Age (9.00 y) −0.010 0.014 −0.704 0.482 −0.037 0.017
Age (10.00 y) −0.013 0.009 −1.376 0.169 −0.032 0.006
Age (8.00) *Sex (Female) −0.083 0.017 −4746 0.000 −0.117 −0.049
Age (9.00) *Sex (Female) −0.065 0.014 −4631 0.000 −0.092 −0.037
Age (10.00) *Sex (Female) −0.009 0.012 −0.785 0.432 −0.032 0.014
The model (Equation (1)) relating the SBJ distance to the body size components was
SBJ distance (cm) = a·M−0.435·H1.152 (3)
With a positive height (H) and negative mass (M), the model suggested that the optimal body
shape associated with the SBJ is to be taller, but lighter (less body mass).
Fittingly, the model (Equation (1)) revealed significant differences in the constant Log a parameter
(Table 2) due to sex (p < 0.001) and age (p < 0.001), together with the interactions of age and sex
(p < 0.001, Figure 3).
In particular, the parameter Log a appears in the footnote of Table 2. Note that the maturity offset
(MO) made significant positive contributions to predicting the log-transformed SBJ distance (p < 0.001).
Appl. Sci. 2020, 10, 6430 7 of 10
Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 10 
The estimated parameters from the multiplicative model relating the SBJ distance to the body 
size components in Equation (1), incorporating the MO, are given in Table 2. 
Table 2. Parameters of Equation (1) about SBJ performance. The parameter Log a for males is 0.973, 
0.985, 0.982, and 0.995, and 1.199, 1.211, 1.208, and 1.211 for females, respectively, for 8, 9, 10, and 11-
year-olds. Note that the baseline group is the 11-year-old boys from which all other sex and age 
groups are compared. 
Parameter B Std. Error t Sig. 95% Confidence Interval 
     Lower Bound Upper Bound 
Intercept Log(a) 0.995 0.327 3.043 0.002 0.354 1636 
Log(M) (k1) 1.152 0.064 18.092 0.000 1027 1276 
Log(H) (k2) −0.435 0.015 −28.935 0.000 −0.465 −0.406 
MO (c) 0.084 0.012 7.155 0.000 0.061 0.107 
Sex (Female) 0.226 0.043 5.311 0.000 0.143 0.310 
Age (8.00 y) −0.022 0.019 −1.205 0.228 −0.059 0.014 
Age (9.00 y) −0.010 0.014 −0.704 0.482 −0.037 0.017 
Age (10.00 y) −0.013 0.009 −1.376 0.169 −0.032 0.006 
Age (8.00) *Sex (Female) −0.083 0.017 −4746 0.000 −0.117 −0.049 
Age (9.00) *Sex (Female) −0.065 0.014 −4631 0.000 −0.092 −0.037 
Age (10.00) *Sex (Female) −0.009 0.012 −0.785 0.432 −0.032 0.014 
The model (Equation (1)) relating the SBJ distance to the body size components was 
SBJ distance (cm) = a·M−0.435·H1.152 (3) 
With a positive height (H) and negative mass (M), the model suggested that the optimal body 
shape associated with the SBJ is to be taller, but lighter (less body mass). 
Fittingly, the model (Equation (1)) revealed significant differences in the constant Log a 
parameter (Table 2) due to sex (p < 0.001) and age (p < 0.001), together with the interactions f age and 
sex (p < 0.001, Figure 3). 
 
Figure 3. Estimated marginal means of the SBJ according to sex and age group. Covariates appearing 
in the model are evaluated as follows: LN height = 4.9147, LN weight = 3.4928, and MO = −4.8206. 
In particular, the parameter Log a appears in the footnote of Table 2. Note that the maturity 
offset (MO) made significant positive contributions to predicting the log-transformed SBJ distance (p 
< 0.001). 
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4. Discussion
Since childhood, musculoskeletal fitness eval ation has been a crude indicator of both child
performance and general health. To evaluate muscular power, the SBJ was included in all field test
batteries. Researchers created reference values to characterize growth curves, not only in terms of
anthropometrics (body mass and height) but also regarding physical performance. A close relation
does exist, in fact, between the BMI and SBJ performance. In contrast, recent studies found that the
BMI has limitations for measuring growth during childhood. From the age of seven to eight, body
mass and height did not follow the same growth trends, making the BMI an improper predictor of
SBJ performance [11,31]. In this light, this study aimed to investigate SBJ performance according to a
robust scaling in which height and body mass are objectively valued, considering their actual trends
owing to PHV assessment as a crucial individual factor of all physical performances. The data of
this study confirmed the efficacy of the allometric approach to identify the most appropriate body
size and shape characteristics associated with SBJ performance through the PHV. For boys and girls
8–11 years old, it is the ectomorph one (M = −0.435; H = 1.1152). In fact, in explosive strength,
the MO contributed to predicting log-transformed SBJ distance since childhood. Without an allometric
approach, consistent with other studies [13,14], child SBJ performance differs between boys and girls,
with boys outperforming in a constant growth trend. Instead, the introduction of the size approach
through allometric modeling to investigate SBJ performance with MO evaluation allowed us to refine
the analysis, releasing different results. Males throughout the studied time frame (8–11 years) did not
significantly augment their performances, whereas females showed a significant increase with a better
SBJ performance (Figure 2). In line with other results [31,32], males did not outperform females in SBJ
performance until reaching 11 years old. Furthermore, Newton’s second law suggests that the force
acting on a body is directly proportional to acceleration and shares its direction and orientation, with a
proportionality constant given by the mass of the body. With that being said, Martin et al. [33] also
showed that during maturation, female peak power is most likely to be determined by the quantitative
properties of the muscle. Even in our study, the influence of body mass and related MO on strength
performance in females was supported by the significant relationship that emerged between the SBJ
and PHV offset. Moreover, Armstrong et al. [18] identified that, during the growth period, an index of
lower limb power (assessed through the Wingate test) is strongly linked with both body mass and
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fat-free mass. This is probably explained by a lower body mass of the participants, which allows them
to perform more efficiently. However, the possibility of a genuine comparison is hard due to the lack
of data investigated with allometric approaches in the same age group. A small number of studies
investigated such a performance during the early stages of maturity. Dos Santos et al. [34] suggested
a better SBJ performance in 10–15-year-old boys controlled by body and shape with respect to their
female peers. On the other hand, Meylan et al. [21] suggested that, when maturity was adjusted,
the horizontal jump length results were slightly better (p = 0.04) for males than females.
Overall, the results of this study highlighted that females outperformed males in SBJ performance.
A putative explanation may reside in the lower mass and higher coordination level of the females,
with respect to males. Although our study did not investigate coordination, D’Hondt et al. [31]
found an inverse correlation between motor coordination and lower mass in children of 5–10 years,
and Stodden et al. [35] reported that children with a higher level of motor coordination exhibit greater
performance (explosive strength). In this sense, sex differences in lower limb power performance have
been related to the expression of significant differences in fat-free mass [36]. Subsequently, changes
in force production at the age of 13–14 years have been attributed to the dramatic increase in steroid
concentrations in males [37]. From a body shape view, the explosive strength in the lower limbs is
facilitated through an ectomorphic body shape [23]. This is of relevance since these values are similar
to those found by Lovecchio et al. [11] in middle school students (11–14 years old, Log(M) = −0.357,
Log(H) = 1.302). Interestingly, in the two studies the trend was comparable, as though the explosive
force paralleled the growth factors. Furthermore, the values of the a parameter for males and females
(Table 2) are very practical, as they effectively complete the predictive equation for a field test widely
used to evaluate physical fitness and, possibly, related general health beyond the performance extent
by itself. Future studies may concern other field tests very commonly employed in children, such as
speed and agility tests.
5. Conclusions
This study suggested some practical applications for young people in the early stages of maturation.
First, coaches of young athletes must be aware of the sex differences because of maturity issues; therefore,
females with lower body masses than males may be favored in lower limb performance. Second,
coaches should be adopting tests and sample-specific scaling modeled after body mass, rather than
using theoretical models based on the assumption of body dimension similarity. From this perspective,
the use of the parameter a (Table 2) would be of meaningful assistance. Third, sex-specific training
may also be needed, given the early PHV in girls. This should make coaches and physical education
teachers aware that females can train strength earlier than males. Furthermore, this approach was
aligned with the bio-banding rationale that employed a stratification per maturity offset, within a
competitive context (and not only assessment procedure or in-training evaluation) [38,39]. Finally,
age, maturity offset, body shape, and body mass should be carefully considered when interpreting
children’s lower limb performance, as they are relevant indicators to the growth curves.
Author Contributions: Conceptualization, N.L., M.G., and A.M.N.; methodology, R.C., G.C., and N.L.; validation,
M.G., M.V., and A.M.N.; investigation, R.C. and M.V.; data curation, M.G. and M.V.; writing—original draft
preparation, R.C. and G.C.; writing—review and editing, N.L. and M.G.; supervision, N.L. and A.M.N.; project
administration, V.C.P., R.C., and M.V. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: The authors would like to acknowledge all the students, teachers, and staff of the
schools, university students, and graduates. All authors disclose professional relationships with companies or
manufacturers who will benefit from the results of the present study.
Conflicts of Interest: The authors declare no conflict of interest.
Appl. Sci. 2020, 10, 6430 9 of 10
References
1. Rønnestad, B.R.; Kojedal, O.; Losnegard, T.; Kvamme, B.; Raastad, T. EVect of heavy strength training on
muscle thickness, strength, jump performance, and endurance performance in well-trained Nordic Combined
athletes. Eur. J. Appl. Physiol. 2012, 112, 2341–2352. [CrossRef] [PubMed]
2. Taipale, R.S.; Mikkola, J.; Vesterinen, V.; Nummela, A.; Häkkinen, K. Neuromuscular adaptations during
combined strength and endurance training in endurance runners: Maximal versus explosive strength training
or a mix of both. Eur. J. Appl. Physiol. 2013, 113, 325–335. [CrossRef] [PubMed]
3. Vicente-Rodriguez, G.; Jimenez-Ramirez, J.; Ara, I.; Serrano-Sanchez, J.A.; Dorado, C.; Calbet, J.A.L. Enhanced
bone mass and physical fitness in prepubescent footballers. Bone 2003, 33, 853–859. [CrossRef] [PubMed]
4. Buehring, B.; Krueger, D.; Binkley, N. Jumping mechanography: A potential tool for sarcopenia evaluation
in older individuals. J. Clin. Densitom. 2013, 13, 283–291. [CrossRef] [PubMed]
5. Ortega, F.B.; Ruiz, J.R.; Castillo, M.J.; Sjöström, M. Physical fitness in childhood and adolescence: A powerful
marker of health. Int. J. Obes. 2008, 32, 1–11. [CrossRef] [PubMed]
6. Wilson, G.J.; Murphy, A.J. The use of isometric tests of muscular function in athletic assessment. Sports Med.
1996, 22, 19–37. [CrossRef]
7. Ruiz, J.R.; Castro-Piñero, J.; España-Romero, V.; Artero, E.G.; Ortega, F.B.; Cuenca, M.A.M.; Castillo, M.J.
Field-based fitness assessment in young people: The ALPHA health-related fitness test battery for children
and adolescents. Br. J. Sports Med. 2011, 45, 518–524. [CrossRef]
8. Castro-Piñero, J.; Artero, E.G.; Espana-Romero, V.; Ortega, F.B.; Sjöström, M.; Suni, J.; Ruiz, J.R. Criterion-related
validity of field-based muscular fitness tests in youth. Br. J. Sports Med. 2010, 44, 934–943. [CrossRef]
9. Plowman, S.A.; Sterling, C.L.; Corbin, C.B.; Meredith, M.D.; Welk, G.J.; Morrow, J.R. The History of
FITNESSGRAM®. J. Phys. Act. Health 2016, 3, S5–S20. [CrossRef]
10. Tomkinson, G.R.; Carver, K.D.; Atkinson, F.; Daniell, N.D.; Lewis, L.K.; Fitzgerald, J.S.; Ortega, F.B. European
normative values for physical fitness in children and adolescents aged 9–17 years: Results from 2 779 165
Eurofit performances representing 30 countries. Br. J. Sports Med. 2018, 52, 1445–1456. [CrossRef]
11. Lovecchio, N.; Novak, D.; Sedlacek, J.; Hamar, P.; Milanovic, I.; Radisavljevic-Janic, S.; Zago, M. Physical
fitness for sedentary students: A common trend from six European countries. J. Sports Med. Phys. Fit. 2019,
59, 1389–1396. [CrossRef] [PubMed]
12. Catley, M.J.; Tomkinson, G.R. Normative health-related fitness values for children: Analysis of 85347 test
results on 9-17-year-old Australians since 1985. Br. J. Sports Med. 2013, 47, 98–108. [CrossRef] [PubMed]
13. Sauka, M.; Priedite, I.S.; Artjuhova, L.; Larins, V.; Selga, G.; Dahlström, Ö.; Timpka, T. Physical fitness in
northern European youth: Reference values from the Latvian Physical Health in Youth Study. Scand. J.
Public Health 2011, 39, 35–43. [CrossRef]
14. Halme, T.; Parkkisenniemi, S.; Kujala, U.M.; Nupponen, H. Relationships between standing broad jump,
shuttle run and Body Mass Index in children aged three to ei. J. Sports Med. Phys. Fit. 2009, 49, 395–400.
Available online: http://www.ncbi.nlm.nih.gov/pubmed/20087299 (accessed on 15 September 2020).
15. Giuriato, M.; Nevill, A.; Kawczynski, A.; Lovecchio, N. Body size and shape characteristics for Cooper’s 12
minutes run test in 11–13 years old Caucasian children: An allometric approach. J. Sports Med. Phys. Fit.
2020, 60, 417–421. [CrossRef] [PubMed]
16. Lovecchio, N.; Zago, M. Fitness differences according to BMI categories: A new point of view. J. Sports Med.
Phys. Fit. 2019, 59, 298–303. [CrossRef]
17. Cole, T.J.; Lobstein, T. Extended international (IOTF) body mass index cut-offs for thinness, overweight and
obesity. Pediatric Obes. 2012, 7, 284–294. [CrossRef]
18. Armstrong, N.; Welsman, J. Sex-Specific Longitudinal Modeling of Short-Term Power in 11- to 18-Year-Olds.
Med. Sci. Sports Exerc. 2019, 51, 1055–1063. [CrossRef]
19. Lovecchio, N.; Novak, D.; Eid, L.; Casolo, F.; Podnar, H. Urban and Rural Fitness Level: Comparison between
Italian and Croatian Students. Percept. Motor Skills 2015, 120, 367–380. [CrossRef]
20. Van Praagh, E.; Doré, E. Short-term muscle power during growth and maturation. Sports Med. 2002, 32,
701–728. [CrossRef]
21. Meylan, C.M.P.; Cronin, J.B.; Oliver, J.L.; Rumpf, M.C. Sex-related differences in explosive actions during late
childhood. J. Strength Cond. Res. 2014, 28, 2097–2104. [CrossRef] [PubMed]
Appl. Sci. 2020, 10, 6430 10 of 10
22. Nevill, A.M.; Holder, R.L. Scaling, normalizing, and per ratio standards: An allometric modeling approach.
J. Appl. Physiol. 1995, 79, 1027–1031. [CrossRef] [PubMed]
23. Nevill, A.; Tsiotra, G.; Tsimeas, P.; Koutedakis, Y. Allometric associations between body size, shape,
and physical performance of Greek children. Pediatric Exerc. Sci. 2009, 21, 220–232. [CrossRef]
24. Murtagh, C.F.; Brownlee, T.E.; O’Boyle, A.; Morgans, R.; Drust, B.; Erskine, R.M. Importance of Speed
and Power in Elite Youth Soccer Depends on Maturation Status. J. Strength Cond. Res. 2018, 32, 297–303.
[CrossRef] [PubMed]
25. Beunen, G.; Malina, R.M. Growth and physical performance relative to the timing of the adolescent spurt.
Exerc. Sport Sci. Rev. 1988, 16, 503–540. [CrossRef] [PubMed]
26. Mirwald, R.L.; Baxter-Jones, A.D.G.; Bailey, D.A.; Beunen, G.P. An assessment of maturity from
anthropometric measurements. Med. Sci. Sports Exerc. 2002, 34, 689–694. [CrossRef]
27. Werneck, A.O.; Silva, D.R.; Oyeyemi, A.L.; Fernandes, R.A.; Romanzini, M.; Cyrino, E.S.; Ronque, E.R.V.
Tracking of physical fitness in elementary school children: The role of changes in body fat. Am. J. Hum. Biol.
2019, 31, e23221. [CrossRef]
28. Artero, E.G.; España-Romero, V.; Castro-Piñero, J.; Ortega, F.B.; Suni, J.; Castillo-Garzon, M.J.; Ruiz, J.R.
Reliability of Field-Based Fitness Tests in Youth. Int. J. Sports Med. 2011, 32, 159–169. [CrossRef]
29. Ortega, F.B.; Cadenas-Sánchez, C.; Sánchez-Delgado, G.; Mora-González, J.; Martínez-Téllez, B.; Artero, E.G.;
Ruiz, J.R. Systematic Review and Proposal of a Field-Based Physical Fitness-Test Battery in Preschool
Children: PREFIT Battery. Sports Med. 2015, 45, 533–555. [CrossRef]
30. Ceccarelli, G.; Bellato, M.; Zago, M.; Cusella, G.; Sforza, C.; Lovecchio, N. BMI and inverted BMI as predictors
of fat mass in young people: A comparison across the ages. Ann. Hum. Biol. 2020, 47, 237–243. [CrossRef]
31. D’Hondt, E.; Deforche, B.; De Bourdeaudhuij, I.; Lenoir, M. Relationship between motor skill and body mass
index in 5- to 10-year-old children. Adapt. Phys. Act. Q. 2009, 26, 21–37. [CrossRef]
32. Bustamante Valdivia, A.; Maia, J.; Nevill, A. Identifying the ideal body size and shape characteristics
associated with children’s physical performance tests in Peru. Scand. J. Med. Sci. Sports 2015, 25, e155–e165.
[CrossRef] [PubMed]
33. Martin, R.J.F.; Dore, E.; Twisk, J.; van Praagh, E.; Hautier, C.A.; Bedu, M. Longitudinal changes of maximal
short-term peak power in girls and boys during growth. Med. Sci. Sports Exerc. 2004, 36, 498–503. [CrossRef]
[PubMed]
34. dos Santos, M.A.M.; Nevill, A.M.; Buranarugsa, R.; Pereira, S.; Gomes, T.N.Q.F.; Reyes, A.; Maia, J.A.R.
Modeling children’s development in gross motor coordination reveals key modifiable determinants.
An allometric approach. Scand. J. Med. Sci. Sports 2018, 28, 1594–1603. [CrossRef]
35. Stodden, D.F.; Langendorfer, S.J.; Goodway, J.D.; Roberton, M.A.; Rudisill, M.E.; Garcia, C.; Garcia, L.E.
A developmental perspective on the role of motor skill competence in physical activity: An emergent
relationship. Quest 2008, 60, 290–306. [CrossRef]
36. Doré, E.; Bedu, M.; Van Praagh, E. Squat jump performance during growth in both sexes: Comparison with
cycling power. Res. Q. Exerc. Sport 2008, 79, 517–524. [CrossRef] [PubMed]
37. Almuzaini, K.S. Muscle function in Saudi children and adolescents: Relationship to anthropometric
characteristics during growth. Pediatric Exerc. Sci. 2007, 19, 319–333. [CrossRef] [PubMed]
38. Bradley, B.; Johnson, D.; Hill, M.; McGee, D.; Kana-ah, A.; Sharpin, C.; Malina, R.M. Bio-banding in academy
football: Player’s perceptions of a maturity matched tournament. Ann. Hum. Biol. 2019, 46, 400–408.
[CrossRef]
39. Malina, R.M.; Cumming, S.P.; Rogol, A.D.; Coelho-e-Silva, M.J.; Figueiredo, A.J.; Konarski, J.M.; Kozieł, S.M.
Bio-Banding in Youth Sports: Background, Concept, and Application. Sports Med. 2019, 49, 1671–1685.
[CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
